In consequence of some unique properties, such as nanophase separation, biocompatibility and mechanical stability, amphiphilic polymer conetworks (APCNs) have received significant attention in recent years. APCNs are composed of hydrophilic and hydrophobic polymer chains connected with covalent bonds. The unique properties of APCNs make them suitable for many specialized applications. Although APCNs were widely investigated and described in the literature, this is the first study on the swelling behavior of these materials in the solutions of physiologically relevant salts. Homopolymer polyelectrolyte hydrogels are known to suffer phase transition like rapid gel collapse at a certain salt concentration in the solutions of bi-or multivalent metal salts. Systematic swelling investigation of poly(methacrylic acid)-lpolyisobutylene (PMAA-l-PIB) conetwork series in CaCl2 salt solutions led to unexpected findings. Our results indicate that these polyelectrolyte APCNs do not behave the same way in salt solutions as the homopolymer hydrogels, i.e.
Introduction
Homopolymers and homopolymeric hydrogels [1] [2] [3] [4] have gained a keen interest in the biological, especially in the medical field. These polymeric structures are used as carriers of drugs, contact lenses, implants and as scaffolds for tissue engineering. 1 An important class of homopolymers, the polyelectrolytes, has some undesirable properties which are not compatible with the bioapplications mentioned above. One of the unwanted features is the solution and swelling behavior of linear and cross-linked polyelectrolytes in the solution of bi-and multivalent metal ions. In the presence of such ions, polyelectrolytes, such as poly(acrylic acid), poly(methacrylic acid) or polyalginates undergoes various phase transitions. [2] [3] [4] Specifically, the linear polyelectrolytes precipitate in the solution of multivalent salts, 2 while homopolymer polyelectrolyte gels collapse at a certain concentration of bi-or multivalent metal salts in the swelling media 3, 4 . The precipitation of the linear homopolymers, as well as the contraction of the gels occuring at a critical concentration, mainly depend on the number/concentration of the charged groups of the polyelectrolyte. 3(b) , 5 Here, it should be noted that, although the volume phase transition of these polyelectrolytes is disadvantageous for bioapplications, but it makes these materials desirable for application in valves and actuators.
Recently, Horkay et al. have investigated the swelling of cross-linked negative polyelectrolytes, namely polyacrylates and polymethacrylates in the solutions of physiologically relevant salts. 4 These hydrogels undergo volume contracting by increasing the amounts of different cations, and this change in the swelling degree has depended on the valence of the metal ion. In the case of monovalent ions (such as Na + ), this contraction was smooth and continuous, while in the solution of bi-and multi-valent ions (Ca 2+ , Mg 2+ , La 3+ ) the swelling behavior, was completely different. At a critical concentration of the multivalent salt, the volume change of the gels became non-continuous, and rapid gel collapse occurred, most probably due to the physical cross-link formation by the bivalent cations and the negatively charged polyelectrolytes. For homopolymer polyelectrolyte hydrogels, this phenomenon excludes these materials from many application possibilities in biological systems which contain bio-relevant multivalent metal salts, for example, Ca(II). Calcium is a biologically significant inorganic material, stored mostly in the bones, but the intra-and extracellular matrices also contain Ca 2+ around 1 and above 2 mM concentration, respectively. 6 Amphiphilic polymer conetworks (APCN) are bi-, or multicomponent polymeric materials with both some similarity and differences from homopolymer hydrogels. 7 In contrast to homopolymer hydrogels, the APCNs has not only hydrophilic but hydrophobic component as well, covalently connected to each other. As a result, these materials can swell in both polar and nonpolar solutes.
Beyond their amphiphilic nature, APCNs have some other unusual properties, such as their nanophase separated structure 8,9 , biocompatibility 10,11 , and excellent mechanical strength 9, 12, 13 . This last property, their improved mechanical stability befalls not only in the dry but the highly swollen state as well, which is a great advantage, compared to the fragile and mechanically unstable homopolymer hydrogels. [1] [2] [3] [4] Due to these advantageous properties, the application of APCNs in biological systems or medical field is well known as matrices for controlled drug delivery 14 , scaffolds for tissue engineering 15, 16 and implants, materials for soft contact lenses [17] [18] [19] and also for other biorelevant application possibilities 20 . It seems to be evident, that APCNs are possible candidates to replace homopolymer hydrogels in many fields. Considering the advantageous properties and the wide range of bioapplication possibilities of APCNs, it is surprising that there is no any report on the swelling behavior of these novel materials in solutions of physiologically relevant salts.
The structure of APCNs can be varied by using various interconnected hydrophobic and hydrophilic polymers. In our case, the lipophilic part was the highly hydrophobic, biocompatible, fully saturated polyisobutylene (PIB). PIB is a rubbery polymer with low glass transition temperature (Tg), which property makes APCNs with PIB as hydrophobic component mechanically and chemically stable. 21 The hydrophilic part of the used conetworks can be neutral polymer or even polyelectrolytes, such as poly(methacrylic acid) (PMAA), even there are only a few examples of anionic APCNs reported in the literature. 9, 12, [22] [23] [24] PMAA is a well-known glassy, hydrophilic polyelectrolyte, which forms mechanically nonstable hydrogel. The synthesis and the intelligent swelling behavior of PMAA based APCNs were investigated and described earlier. The swelling of these conetworks was studied in hydrophobic solvents and in water as well as a function of pH 9,12,13(b), [22] [23] [24] [25] , but the swelling behavior of polyelectrolyte APCNs in salt solutions has not been described yet.
In this work, we report on the synthesis of a series of poly(methacrylic acid)-l-polyisobutylene (PMMA-l-PIB) APCNs (l stands for linked by) and their unexpected swelling behavior in the solutions of the biologically relevant NaCl and CaCl2 salts over a wide range of concentrations. 
Experimental

Materials and Methods
Methylmagnesium
Preparation of the bifunctional cationic initiator and the macromonomer
The tert-butyldicumyl chloride bifunctional carbocationic initiator was obtained by the esterification of 5-tert-butylisophthalic acid, followed by a Grignard reaction, and a hydrochlorination step as reported before. 26 The methacrylate-telechelic PIB macromonomer (MA−PIB−MA) was synthesized by quasiliving carbocationic polymerization 21, 26 of isobutylene. The quasiliving carbocationic initiator system was TiCl4/tert-butyldicumyl chloride, and the nucleophilic additive was 1,1,4,4-tetramethylethylenediamine. The polymerization reaction was terminated by allyltrimethylsilane, yielded quantitative end group functionalized allylic telechelic PIB. After the allylation, three end-group modification steps were carried out. First, the allylic chain ends were modified by hydroboration, and the second step was an oxidation by H2O2 and KOH. Finally, methacrylation with methacryloyl chloride in the presence of Et3N yielded MA−PIB−MA macromonomer. The macromonomer was characterized regarding the functionality, molecular weight and polydispersity by 1 H NMR and GPC.
Network Synthesis
The amphiphilic conetworks were prepared using macromonomer method via free radical copolymerization, as described previously. 25 The bifunctional macromonomer (MA-PIB-MA) was copolymerized with a precursor comonomer, trimethylsilyl methacrylate (TMSMA). The copolymerization was carried out in THF, as a common solvent, via free radical copolymerization utilizing AIBN thermal radical initiator at 65 °C for 72 hours. After the reaction, the gels were placed in THF to extract the non-reacted materials, and the protecting groups were removed by acidic hydrolysis. 25 The composition of the conetworks was determined by elemental analyses.
Characterization
The molar mass and dispersity of the macromonomer were measured by gel permeation chromatography (GPC) with Polymer Laboratories Mixed C type column set, equipped with a viscometer (Viscotec) and laser light scattering (Wyatt Co.) detectors. THF was used as mobile phase with a flow rate of 1.5 mL/min. The average molar mass, as well as the dispersity, was calculated by the use of universal calibration made with narrow MWD polystyrene standards in the range of 104 to 3 × 10 6 g mol −1 . 1 H NMR measurements were performed by Varian 400 (in 30 0 C, in CDCl3) to determine the functionality after the polymerization and every end group modification. The compositions of the deprotected conetworks were investigated by elemental analyses using Hereaus CHN-O-Rapid apparatus with CuO catalyst. We calculated the equilibrium swelling degree (R%) as the mass of solvent uptakes (mswollen-mdry) divided by the mass of the dry sample (mdry). The R% was determined using the following procedure. The deprotected conetwork samples were dried in vacuum and were cut into small cubes (1-2 cm 3 ). The mass of the dry samples was weighted. First, the dry gels were let to swell in 1 M NaOH solution for the neutralization of the polyacid. Then the conetwork samples transferred into a 40 mM NaCl containing solution and finally the CaCl2 was added. The mass of the samples was measured from time to time until the equilibrium swelling reached.
R = (mswollen-mdry)/mdry
Results and Discussion
Linear polyisobutylene-dimethacrylate (PIB) macro cross-linker was synthesized by quasiliving carbocationic polymerization of isobutylene, followed by end group modification steps. The results of the GPC measurements on the PIB macromonomer indicated number average molar mass close to the theoretical (Mn=5700 g/mol) and also confirmed the low dispersity (Mw/Mn=1.02) (Supporting Information, Figure S1 ). The nearly quantitative bifunctionality of the resulting methacrylate-telechelic PIB was proven by 1 H NMR measurements. This macromonomer was radically copolymerized with a protected methacrylic acid derivative, namely trimethylsilyl methacrylate, to form covalent amphiphilic conetwork. After three days of AIBN initiated radical copolymerization/crosslinking at 60 °C, the samples were extracted with THF to remove the nonreacted monomers, initiator, and homopolymeric contaminants. Trimethylsilyl protecting group was removed from the poly(methacrylic acid) chains by acidic hydrolysis using HCl. The results of the elemental analyses, after conetwork formation, extraction and deprotection indicated that the formation of a series of PMAA-l-PIB conetworks was successful in a wide composition range, where the PIB content of the conetworks was between 15-55 w/w% (Supporting Information, Table S1 ).
It is well known from the literature that the fully neutralized homopolymer polyelectrolytes, for example, poly(acrylic acid) hydrogels, collapses at around 1.0 mM of CaCl2. 4 We have been measured the equilibrium swelling degrees of poly(methacrylic acid)-l-polyisobutylene amphiphilic polyelectrolyte conetworks under the same conditions as Horkay et al. used. 4 Namely, the conetwork samples were let to swell in a NaOH solution to form poly(sodium methacrylate) salt, and then the neutralized APCNs were transferred to a NaCl solution. After the equilibrium swelling degree had reached in the aqueous solution of this monovalent salt, CaCl2 was added in small portions. The concentration of the CaCl2 salt was varied between 0.5 -2.5 mM, which covered the physiological concentration range. The equilibrium swelling degree was determined for these conetworks by gravimetry, at the given bivalent salt concentration.
The dependence of the equilibrium swelling degree of the PMAA-l-PIB series on the CaCl2 concentration of the solution is presented in Figure 1 . The numbers for sample identification denote the PIB contents of the PMAA-l-PIB samples in m/m%. The swelling degrees versus PIB content are also shown in was observed. Here should be noted that the first data points at 0.0 mM CaCl2 concentration belong to 40 mM NaCl solution, and this monovalent salt content was kept during the whole measurement, to provide constant ionic strength. The increasing PIB content cause decrease in the swelling degree, as shown in Figure 2 and as it was expected based on the previous results with this kind of conetworks. 7, 8, [20] [21] [22] [23] The gel that had the highest volume shrinkage was the one that had the lowest PIB content since this gel composition is the closest to the homopolymer composition. Gel collapse did not occur even in this case, so only 15 wt.% PIB can inhibit the phase transition like shrinkage. Due of the hydrophobicity, mechanical strength and their strong, covalently connected presence, even a tiny amount of PIB cross-linker can stabilize the conformation of the solvated PMAA chains, and change the thermodynamic environment of these hydrophilic polymers. The physical cross-linking of the polyelectrolyte phase of the conetwork is also limited due to the hydrophobic environment. Thus, it can be concluded that the presence of PIB, these elastic, hydrophobic polymer chains in the conetworks significantly influence the swelling behavior of PMAA as one of the components of APCNs in aqueous media.
As another interesting aspect, we investigated, the effect of the excess of Ca 2+ compared to the ionized carboxylic groups in the conetwork. Surprisingly there is no any information about the effect of the ion excess in the literature for polyelectrolyte gels; even this could also be interesting information which helps us to understand the nature of this phenomenon. As it can be seen in Figure 3 , Ca 2+ was highly overdosed compared to the anionic groups for these experiments. Even ten times more salt than acidic groups cannot cause drastic, phase transition like gel collapse on the investigated PMAA-l-PIB conetworks, the deswelling process remained continuous.
The reversibility of the gel contraction was also studied and found that the reswelling of the conetworks depends on the conditions of the surrounding media. The contracted gels were placed into aq. 40 mM NaCl solution and the equilibrium swelling degrees were determined gravimetrically. In this solution, i.e. pure aqueous NaCl, the swelling degree of the gels increased only until the two third of the original. For further investigations, a strong base, NaOH was also added to the solution of the monovalent salt, to study the effect of pH on reswelling (Figure 4) . At higher pH region, the gels swelled back around the original volume, namely, reached the same swelling degree as before Ca(II) addition. In this case, the amount of NaOH was equivalent to the acidic units at the hydrophilic polymer chains in the conetwork. The appearing high swelling degree, in the case of high pH, is more likely due the strong electrostatic repulsion between the polyacidic units since their ionization by the used alkaline solution. In contrast, if no NaOH is added the replacement of the bivalent calcium ions by monovalent sodium from the NaCl induces only neutral hydrogel reswelling. 
Conclusion
The swelling behavior of poly(methacrylic acid)-l-polyisobutylene (PMAA-l-PIB) amphiphilic conetworks was investigated in the solution of NaCl and CaCl2 as a function of bivalent salt concentration, and the hydrophobic content of the conetwork. The swelling behavior of APCN polyelectrolytes in Ca 2+ solution substantially differs from the corresponding cross-linked homopolymer polyelectrolytes in the range of physiological concentration. We found that these APCNs, in contrast to homopolymer hydrogels, do not undergo rapid gel collapse, even at very high salt concentration and low PIB content. The covalently bonded hydrophobic PIB macromolecular cross-linkers can prevent the phase transition like shrinkage of the conetwork. Many natural, biological systems also have amphiphilic character, and these novel conetworks can mimic those biomaterials and could help to understand their behavior in such aqueous solvents. Thus, the application of polyelectrolyte gels can be expanded to the biological solutions with high ion content, simply by using the synthetic conetworks with not only hydrophilic but also hydrophobic components.
